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Short-term AlterAtionS in Songbird breeding Schedule leAd  
to better SynchronizAtion With Food AvAilAbility
Resumen.—Las aves pueden, hasta cierto punto, retrasar la eclosión una vez comenzada la puesta a fin de sincronizar la fecha 
de eclosión con el pico de disponibilidad de alimento bien sea incrementado el intervalo de puesta entre un huevo y el siguiente o 
posponiendo el comienzo de la incubación. Sin embargo, los retrasos en la eclosión también pueden ser el resultado de costes energéticos 
ligados a las fases tempranas de la reproducción. En el presente estudio, nosotros ahondamos en el fenómeno de los retrasos en la 
eclosión en una población de Cyanistes caeruleus durante dos primaveras con condiciones ambientales bien diferentes. Se determinó la 
incidencia de pausas durante la puesta y el inicio de la incubación, así como los factores y consecuencias asociados con cada uno de estos 
fenómenos. Se encontró que el tamaño de puesta, la incidencia de interrupciones durante la puesta y el grado de sincronía con respecto 
al pico de alimento explicaron una proporción significativa de la varianza en los retrasos en la eclosión, y que este rasgo se relacionó de 
forma negativa con el éxito de eclosión pero de forma positiva con el peso de los polluelos. Las hembras que incrementaron el intervalo 
entre huevos consecutivos incurrieron en un coste en términos de probabilidad de eclosión. La incidencia de interrupciones durante 
la puesta fue determinada principalmente por la temperatura ambiental, lo cual sugiere que se trata de un fenómeno no deliberado. El 
grado de sincronía con respecto al pico de orugas fue el principal determinante de las variaciones observadas entre nidos en relación al 
momento de iniciar la incubación. Las hembras que adelantaron el comienzo de la incubación fueron capaces de poner más huevos y de 
mejor calidad en comparación con aquellas que comenzaron a incubar una vez completada la puesta o con posterioridad. Nuestro estudio 
evidencia que los retrasos en la eclosión surgen como resultado tanto de restricciones energéticas como de decisiones estratégicas por 
parte de las aves.
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Alteraciones de Corto Plazo en la Secuencia de Cría Permiten a un Passeriforme lograr una Mejor  
Sincronía con el Pico de Disponibilidad de Alimento
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Abstract.—Birds can, to a limited extent, delay hatching after laying the first egg to synchronize hatching date to peak food 
availability by increasing the laying interval between eggs or postponing the start of incubation. However, hatching delays can be the 
result of energy costs of early reproduction. We report the phenomenon of hatching delays in a Blue Tit (Cyanistes caeruleus) population 
in two contrasting breeding seasons. We determined the occurrence of laying gaps and postponement of incubation, and the factors 
and consequences associated with each. We found that the clutch size, the occurrence of laying gaps, the onset of incubation, and the 
degree of synchrony with the food peak explained a significant proportion of the variance of hatching delays and that this trait was 
negatively related to hatching probability but positively related to nestling mass. Females that increased the laying interval between 
eggs experienced reduced hatching success. The incidence of gaps was largely determined by temperature, which suggests that it is 
a nondeliberate phenomenon. The extent of synchrony with the caterpillar peak was the main predictor of variation in the onset of 
incubation. Females that advanced their onset of incubation laid more eggs of better quality in comparison to those that exhibited a 
normal or delayed incubation schedule. Our study provides evidence that hatching delays are the result of both energy constraints and 
strategic decisions. Received 13 April 2010, accepted 27 July 2010. 
Key words: Blue Tit, Cyanistes caeruleus, fitness, hatching delay, incubation period, laying gaps, phenotypic plasticity, timing of 
breeding.
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More than forty years ago, David Lack proposed that timing of 
breeding in birds evolved so that the maximal demand by offspring 
for food coincided with the time of maximal food abundance, be-
cause this would maximize fledgling production (Lack 1968). This 
idea has been supported by a large number of studies of the Pari-
dae. For this family, fledgling condition, which largely determines 
postfledging survival (Naef-Daenzer et al. 2001) and recruitment 
(Both et al. 1999), depends mainly on food supply (Naef-Daenzer 
and Keller 1999, Visser et al. 2006). However, for Great and Blue tits 
(Parus major and Cyanistes caeruleus, respectively), whose main 
food is lepidopteran larvae, the short period during which foraging 
conditions are optimal is very unpredictable because the develop-
ment of caterpillars is temperature dependent (van Asch and Visser 
2007 and references therein). Clearly, if the birds time reproduc-
tion so that the nestling period coincides with the annual caterpillar 
peak, they must start their breeding cycle in advance of that time. 
Hence, birds may use proximate factors (leafing phenology or ambi-
ent temperature; for a review, see Visser et al. 2004) as cues to fine 
tune their laying date. However, once egg laying has begun, birds 
have limited scope for altering their breeding schedule. Nonethe-
less, there are mechanisms that allow birds to better adjust their 
timing in response to short-term variation in environmental con-
ditions (periods of bad weather or shifts in caterpillar phenology). 
This slight leeway in adapting the timing of hatching is asymmetric 
because the possibilities for retarding hatching date are far greater 
than the possibilities for accelerating the process (Van Noordwijk 
et al. 1995). Females can extend the nesting cycle by increasing the 
laying interval between successive eggs (laying gaps; e.g., Dhondt et 
al. 1983, Nilsson and Svensson 1993b), delaying the onset of incuba-
tion for several days (Nilsson 1994, 2000; Cresswell and McCleery 
2003), or relaxing nest attentiveness during the incubation period 
(Cresswell and McCleery 2003). On the other hand, a shortening of 
the interval between the laying of the first egg and hatching could 
be achieved via clutch-size reduction (Nilsson 2000, Wesołowski 
2000) or by starting incubation before clutch completion (Monrós 
et al. 1998, Visser et al. 1998).
Different hypotheses have been proposed to explain the plas-
ticity in onset of incubation and the underlying mechanisms that 
cause such plasticity (for a review, see Stoleson and Beissinger 1995). 
However, in most cases (e.g., Monrós et al. 1998, Naef-Daenzer et 
al. 2004) these hypotheses were tested without distinguishing be-
tween interruptions in laying and delays in the onset of incuba-
tion. Rather, only the net result was considered (i.e., whether or not 
hatching was delayed). The “energy constraint hypothesis” proposes 
that timing of breeding might be constrained early in the season by 
a limited supply of energy and nutrients for egg production (Per-
rins 1970). Thus, worsening conditions (low temperatures or food 
shortage) could lead to reductions in both clutch size and egg size, 
as well as missed days in the laying sequence (see Nager 2006 and 
references therein). Energy constraints may also delay the onset 
of incubation, because this period is also energetically costly (e.g., 
Reid et al. 2000). For small passerines, such as Blue and Great tits, 
incubation requires as much energy as nestling provisioning (Tin-
bergen and Williams 2002, de Heij 2006). Therefore, the onset of 
incubation may be delayed as a result of either the energy expendi-
ture by females during egg production or lack of fat-body reserves 
for the subsequent incubation period. Alternatively, hatching delays 
may be adaptive, not contingent. That is, these slight alterations in 
the breeding schedule may be a strategic decision by the female to 
match the nestling period with the peak in food abundance (Cress-
well and McCleery 2003, Both and Visser 2005). To achieve this, 
birds could incur different costs depending on whether they delay 
or advance their hatching date. By starting incubation later, birds 
extend the amount of time their offspring are nest-bound and thus 
the risk of predation (Bosque and Bosque 1995). When incubation 
begins before clutch completion, eggs normally hatch asynchro-
nously, and this leads to a size hierarchy among siblings that may 
result in brood reduction if food becomes scarce because the old-
est nestlings outcompete and monopolize parental feedings. Hence, 
earlier hatching dates may cause a substantial reduction of fledg-
ing success when food resources are not plentiful. In this sense, 
hatching asynchrony is held by many as a means to that end (i.e., 
the “brood reduction hypothesis”; Lack 1954, Ricklefs 1965; see also 
Pijanowski 1992) because hatching asynchrony serves as the mech-
anism by which parents allocate food when food supplies are low 
and sibling competition is high (for a review, see Stenning 1996). 
Regardless, both hypotheses share the idea that the mechanisms by 
which breeding timetables can be sped up or slowed down are be-
havioral decisions of the females and in both cases such strategic 
decisions should ultimately result in an enhancement of the repro-
ductive output and, thus, increased fitness.
We explored the phenomenon of hatching delays in a pop-
ulation of Blue Tits breeding in nest boxes in southern Europe. 
We quantified the occurrence of laying gaps and determined the 
timing of the onset of incubation that led to hatching delays and 
potential factors—for example, ambient temperature (Yom-Tov 
and Wright 1993), female body condition (Potti 1998), and nest 
architecture (Lombardo et al. 1995)—that could influence them. 
We then analyzed the effects of each of these mechanisms sep-
arately, and of hatching delays as a whole, on hatching success, 
nestling mass, and breeding performance. Specifically, we deter-
mined whether the incidence of laying gaps influenced hatching 
probability negatively, whether changes in the onset of incubation 
(depending on whether the birds’ breeding date was early or late 
in relation to the food peak) affected the length of incubation, and 
whether hatching delays resulted in a gain in nestling mass or im-
paired hatching success or both. We also explored the existence of 
differences in clutch size, egg quality (using eggshell spotting as 
a proxy; see Sanz and García-Navas 2009), and female body mass 
among nests that had different incubation patterns or a different 
laying schedule. Finally, we looked for consistency in the onset of 
incubation across two consecutive breeding seasons within indi-
vidual females. Our overall aim was to gain an understanding of 
the extent to which delays can be attributed to strategic decisions 
by the female or energetic constraints during the egg-laying or the 
incubation period or during both.
Methods
Study area and general field methods.—Our study was conducted in 
the woodlots of Quintos de Mora in central Spain (Toledo province; 
39°25′N, 4°04′W) during the breeding seasons of 2008 and 2009. 
The woodlots are dominated by Pyrenean Oak (Quercus pyrena-
ica) and, to a lesser extent, Zeen Oak (Q. faginea). Beginning in late 
March, 280 wooden nest boxes (dimensions: 12 × 11.5 × 16.5 cm) 
were inspected regularly. Once laying began, nests were visited 
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throughout the nest-box plot. Tinytags recorded ambient tem-
perature (°C) at 5-min intervals. We calculated mean temperature 
during laying as the mean of the daily measurements from 3 days 
before the first egg was laid to the date of clutch completion (fol-
lowing Monrós et al. 1998 and references therein).
Egg speckling assessment.—As a measure of eggshell quality, 
we assessed the pigmentation pattern of 677 eggs (corresponding 
to 111 clutches) from digital photographs taken during the field 
work. The same observer (V.G.N.) classified the eggs on the basis of 
the degree of distribution of pigment spots (i.e., degree of clump-
ing of speckles across the shell’s surface, ranked in increments of 
0.5, from 1 for eggs whose spots are all on the broad end to 5 for 
eggs with specklings evenly distributed over the shell surface) fol-
lowing the protocol of Gosler et al. (2000). In our study area, this 
trait has been shown to be a strong predictor of hatching probabil-
ity (Sanz and García-Navas 2009, García-Navas et al. 2010).
Statistical analyses.—We used 128 broods (48 in 2008, 81 in 
2009) for our analyses. We used stepwise multiple regression anal-
yses to explore variation in hatching delays in relation to the occur-
rence of laying gaps and the onset of incubation, along with study 
year, mean temperature during laying, clutch size, eggshell qual-
ity, nest mass, female body mass, and synchrony with the cater-
pillar peak. We then sought to explain the degree to which laying 
gaps and delay in the onset of incubation were related to study year, 
mean temperature during laying, clutch size, nest mass, eggshell 
spotting distribution, female body mass, mean temperature dur-
ing laying, and synchrony with the caterpillar peak (or laying date). 
Because synchrony with the caterpillar peak and laying date were 
highly correlated (r = 0.76, P < 0.001), only the one that contributed 
more to variation in the focal trait was entered into the model. We 
tested the significance of each variable by assessing the change in 
deviance produced by removing each from the full model.
Generalized linear mixed models (GLMM) were used to test 
whether hatching delays had effects on nestling condition and 
breeding success. We also tested whether an early onset of in-
cubation led to improvement of nestling mass. Subsequently, we 
explored the existence of differences in clutch size, egg quality 
(spotting distribution), hatching success, and female body mass 
between nests in which we detected laying gaps and those in which 
we did not (binary variable: with or without laying gaps; n = 37 and 
92, respectively). The onset of incubation was also transformed 
into a categorical variable to account for the effects of such be-
havior on the aforementioned variables. Nests were grouped into 
three categories—advanced (n = 31), normal (n = 53), and delayed 
incubation (n = 44)—in relation to when the female started incu-
bation. Moreover, we looked for consistency of the onset of incu-
bation within individual females (n = 15) between 2008 and 2009.
All models were initially fitted with the full set of variables that 
could potentially explain variation in the response variable. Final 
models were selected following a backward elimination procedure 
in which the variable with the highest P values was successively 
dropped from the analysis so that only significant terms remained 
(P < 0.05). The significance of the remaining variables was tested 
again until no additional variable reached significance. The result 
is the minimal most adequate model for explaining the variabil-
ity in the response variable, where only the significant explanatory 
variables are retained (Engqvist 2005). Previously, proportions 
(hatching success, fledgling success, and breeding success) were 
daily to detect laying gaps (assuming that 1 egg is laid each day). 
Daily inspections also allowed us to determine the onset of incu-
bation, which we defined as the number of days that had elapsed 
between the laying of the last egg and either the first day that the 
female was found incubating or the first day that the eggs were 
found uncovered and warm. To that end, we checked for warmth 
in the eggs throughout the laying period. After clutch comple-
tion, we took a digital photograph of each egg (side view) to score 
the eggshell pigmentation pattern (see more below). Photographs 
were taken with the aid of a base and a background grid to correct 
for ambient light differences among photos. At the same time, the 
nests were removed from the nest box for a moment and weighed 
on an electronic balance (±0.1 g). The height of the nest and the 
thickness of the nest cup are strongly correlated (r = 0.77; de Heij 
2006). Because nest mass and height are also strongly correlated 
(r = 0.57, P < 0.001, n = 90), we used mass as an indicator of nest 
insulation. Around the expected hatching date, nests were visited 
daily to determine hatching success (proportion of eggs hatched). 
Because incubation in this species normally lasts 13 days (Quintos 
de Mora 2006–2007: 13.23 ± 1.61, n = 165), we calculated the ex-
pected hatching date as follows: (first egg date + clutch size + 12). 
The difference between this date and the observed hatching date 
was taken as hatching delay (i.e., negative values denote that hatch-
ing occurred before expected, and positive values denote a delay).
Adult birds (2008: 44 females and 35 males; 2009: 77 females 
and 66 males) were trapped while feeding 8-day-old nestlings. All 
birds were individually identified with aluminium bands and sexed 
according to the presence or absence of a brood patch. At capture, 
we measured tarsus length (to the nearest 0.01 mm) with a digital 
calliper and body mass with an electronic portable balance to the 
nearest 0.1 g following a protocol similar to that described by Per-
ret (2004). When nestlings were 13 days old they were banded and 
measured in the same manner as the adults. At about day 20 after 
hatching, nests were visited again to establish the breeding success 
of each pair (i.e., proportion of eggs that resulted in fledged young).
Monitoring caterpillar phenology.—Caterpillar phenology 
was monitored from the oak bud-burst to the end of the season. 
Caterpillar surveys consisted of counts and further identification 
of all lepidopteran larvae found during a 5-min interval at one 
randomly chosen branch on the selected oak (not fixed; ≥6 day–1 
dispersed over the study area). Branch samples were randomly 
chosen and were cut from the middle of the canopy with the aid of 
a skylift. These data allowed us to establish the date of peak food 
(i.e., caterpillar) abundance. The timing of tit breeding is consid-
ered to have evolved in response to shifts in their food supply—
being a few days earlier or later may lead to measurable differences 
in nestling mass and prospects of postfledging survival (e.g., Tin-
bergen and Boerlijst 1990, Van Noordwijk et al. 1995, Verboven 
et al. 2001). Hence, selection is presumably strong for parents to 
time their reproduction to match the period of greatest food de-
mand by the young (about 9–10 days of age). To assess the rela-
tive timing of each breeding pair (i.e., an estimate of the degree of 
mismatch with the food peak), we calculated the days elapsed be-
tween the day their chicks were 9 days old and the caterpillar peak 
date (“synchrony” sensu Visser et al. 2006).
Temperature data.—Temperature data were obtained from 
nine Tinytags (Gemini Data Loggers, West Sussex, United King-
dom) installed inside empty nest boxes that were dispersed 
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arcsine-square-root transformed before analysis to attain homo-
scedasticity and normality. Some sample sizes differ among analy-
ses because not all birds were captured and nest measurements or 
shell spotting scores were missing for some nests. Fisher’s LSD test 
was used for a posteriori comparisons. All P values refer to two-
tailed tests. Data are given as means ± SE, unless stated otherwise.
Results
Hatching delays.—Hatching delays were common during the 2008 
and 2009 breeding seasons, and four variables explained the vari-
ation in hatching delays: clutch size, laying gaps, onset of incuba-
tion, and synchrony with the caterpillar peak (model: F = 21.61, 
df = 4 and 69, P < 0.001, R2 = 0.53). As expected, the delays were 
positively correlated with both onset of incubation and laying gaps 
(Table 1). Eighty-six percent (n = 79) of females whose clutches 
hatched later than expected started incubation one or more days 
after the last egg was laid. In 45% of cases in which hatching oc-
curred earlier than expected, females initiated incubation prior to 
clutch completion. On the other hand, we observed interruptions 
during the laying sequence in 68% of nests in which hatching date 
was delayed. Furthermore, the magnitude of hatching delays de-
creased as the degree of synchrony with the caterpillar peak date 
(Table 1) and clutch size increased (Table 1).
Hatching delays had a significant negative effect on hatching 
success because hatching success declined as the number of days 
elapsed between the expected hatching date and the observed date 
increased (GLMM, F = 6.22, df = 1 and 83, P = 0.02; Fig. 1A). Low 
breeding success was also negatively associated with hatching de-
lays and positively associated with eggshell spotting (GLMM year: 
F = 9.90, df = 1 and 83, P < 0.01; eggshell spotting distribution: F = 
4.99, df = 1 and 83, P = 0.03; hatching delay: F = 6.41, df = 1 and 83, 
P = 0.01; β = −0.26). By contrast, nestlings from clutches in which 
hatching date was postponed were heavier even after we con-
trolled for brood size (GLMM, hatching delay: F = 4.27, df = 1 and 
96, P = 0.04; brood size: F = 8.43, df = 1 and 97, P = 0.01; Fig. 1B).
Onset of incubation.—Incubation period ranged from 10 to 
19 days (2008: 14.9 ± 0.2; 2009: 13.6 ± 0.2), but most birds (2008: 
64.6%; 2009: 59.2%) exhibited an incubation period longer than 
usual in this species (~13 days), whereas a minor proportion of fe-
males (2008: 19.7%; 2009: 18.8%) showed a hatching date earlier 
than expected. Our multiple regression showed that the length 
of incubation decreased as the season progressed (GLMM, F = 
23.70, df = 1 and 80, P < 0.001; β = −0.53,) and was positively re-
lated to clutch size (GLMM, F = 15.79, df = 1 and 80, P < 0.001; 
β = 0.37). Females that began incubation earlier had a shorter in-
cubation period than females that began incubation on the day of 
clutch completion or later (GLMM, F = 9.34, df = 1 and 103, P < 
0.01; Fig. 2). The multiple regression model showed that the onset 
of incubation depended on both the synchrony with the caterpil-
lar peak and ambient temperature (model: F = 54.43, df = 2 and 
71, P < 0.001, R2 = 0.59; temperature: t = 2.63, df = 71, P = 0.01, β = 
−0.22). The extent of synchrony with the caterpillar peak was the 
table 1. Multiple regression of hatching delays (days, dependent vari-
able) in relation to clutch size, laying gaps, onset of incubation, and syn-
chrony with the caterpillar peak (R2 adj. = 0.53; n = 74 broods for Blue 
Tits breeding in Quintos de Mora, Spain, in 2008 and 2009). The full 
model also included the following explanatory variables: study year, egg-
shell quality (speckling pattern), nest mass, female body mass, and mean 
temperature during laying.
Estimate SE df t P
Explanatory terms
 Clutch size −0.25 0.11 69 2.30 0.02
 Laying gaps 0.54 0.09 69 6.99 <0.001
 Onset of incubation 0.27 0.10 69 2.56 0.01
 Synchrony with the  
  caterpillar peak
−0.28 0.13 69 2.23 0.03
Deleted terms
 Study year −0.66 0.11 68 1.64 0.10
 Temperature −0.02 0.12 67 0.20 0.84
 Eggshell quality −0.37 0.29 66 1.29 0.20
 Nest weight 0.01 0.02 65 0.12 0.90
 Female body mass 0.03 0.32 64 0.08 0.94
FiG. 1. Relation between hatching delays and (A) hatching success and 
(B) nestling body mass of Blue Tits. Delays refer to the number of days 
elapsed between the expected hatching date and the observed one. 
Hatching success is expressed as statistical residuals obtained after con-
trolling for eggshell spotting distribution (year: F = 6.91, df = 1 and 84, 
P = 0.01; eggshell spotting distribution: F = 8.22, df = 1 and 84, P < 0.01). 
Nestling body mass is expressed as statistical residuals obtained after con-
trolling for other influencing variables (nestling tarsus length: F = 22.80, 
df = 1 and 97, P <0.001; brood size: F = 8.43, df = 1 and 97, P = 0.01).
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main predictor of the onset of incubation (Fig. 3; t = 7.74, df = 71, 
P < 0.001, β = −0.65). Clutch size, nest mass, female body mass, 
and egg quality had no influence on the onset of incubation (all P > 
0.05). Incubation began as early as 6 days before clutch completion 
and as late as 9 days after (Fig. 3).
When we analyzed the between-year changes in the onset 
of incubation, we confirmed variation in this trait at an individ-
ual level. In the second year, all recaptured females (n = 15) were 
earlier with respect to the food peak and most of them tended to 
delay the start of incubation. Analyses indicated that between-
year changes in incubation behavior were related to between-year 
changes in laying date (F = 11.66, df = 1 and 13, P < 0.01; Fig. 4A) 
and synchrony with the caterpillar peak (F = 4.34, df = 1 and 13, 
P = 0.057; Fig. 4B). Nestling physical condition was unrelated to 
the onset of incubation. There were no differences in either body 
mass or tarsus length between nestlings from clutches with differ-
ent incubation patterns (all P > 0.05). Nor did intrabrood variance 
in nestling mass differ significantly in relation to the incubation 
pattern (advanced: 0.68 ± 0.02, delayed: 0.72 ± 0.03, normal incu-
bation schedule: 0.72 ± 0.03; F = 0.87, df = 2 and 119, P = 0.42).
When the nests were grouped into three categories according 
to the onset of incubation (advanced, delayed, and normal incuba-
tion schedules) we found that females that advanced the onset of 
incubation laid larger clutches than those that began incubation 
FiG. 2. The length of the incubation period was associated positively with 
the onset of incubation in relation to clutch completion in Blue Tits. The 
incubation period is expressed as statistical residuals after controlling for 
laying date and clutch size.
FiG. 3. Relation between onset of incubation and synchrony with the cat-
erpillar peak date (synchrony = hatch date + 9 − caterpillar peak date, 
where 9 = modal brood size; see text for details) in 2008 (empty dots, 
continuous regression line) and 2009 (filled dots, dotted regression line). 
Negative scores on onset of incubation indicated that females started incu-
bation before clutch completion, whereas negative values for synchrony 
with the caterpillar peak indicated an early timing in relation to the peak. 
Shown are the attempts the Blue Tits made in both years to achieve a bet-
ter synchronization with the timing of maximum food availability, which 
occurred on 5–6 May and 14–15 May in 2008 and 2009, respectively. In 
2009, female Blue Tits tended to wait several days after clutch completion 
before they started incubating, whereas in the previous year it was not un-
usual to find females incubating incomplete clutches.
FiG. 4. Variation in onset of incubation across two successive breeding 
seasons (2008 and 2009) within individual female Blue Tits (n = 15) in 
relation to relative changes in (A) laying date and (B) synchrony with the 
caterpillar peak. Negative values for onset of incubation were earlier, 
negative values for relative change in laying date indicated an earlier lay-
ing in the second year, and a negative score on change in synchrony 
meant an earlier timing in relation to the peak.
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after clutch completion or later (GLMM, laying date: F = 34.71, 
df = 1 and 121, P < 0.001; onset of incubation: F = 4.32, df = 2 and 
121, P = 0.01; Fig. 5A). In addition, we found a significant difference 
in eggshell quality among these groups even after we controlled 
for laying date and clutch size; birds that began incubation prior 
to clutch completion laid eggs with spots more widely distributed 
over the shell surface (GLMM, F = 3.25, df = 2 and 104, P = 0.04; 
Fig. 5B). Meanwhile, females that started to incubate earlier did 
not differ from those that started to incubate with the last egg or 
later in either size or body mass (female tarsus length: F = 1.37, df = 
2 and 112, P = 0.26; female mass: F = 0.18, df = 2 and 109, P = 0.83). 
Regarding reproductive success, there was no effect of variation in 
the onset of incubation on either hatching success or the propor-
tion of fledged young (hatching success: F = 0.16, df = 2 and 122, 
P = 0.85; breeding success: F = 0.30, df = 2 and 109, P = 0.74).
Laying gaps.—Interruptions during egg laying were similar in 
frequency in both years (2008: 72.9%, n = 48; 2009: 70.3%, n = 81). 
The mean length of the interruptions was 2 days (2008: 2.0 ± 1.14 
days, range: 0–6; 2009: 2.1 ± 6.74 days, range: 0–4). Laying date, 
clutch size, female body mass, and synchrony with the caterpillar 
peak had no influence on the incidence of laying gaps, but laying 
gaps were more common at low mean temperature during egg lay-
ing, even after the effects of timing of breeding were accounted 
for statistically (model: F = 18.22, df = 1 and 72, P < 0.001, R2 = 
0.19; temperature: t = 4.26, df = 72, P < 0.001, β = −0.45). When the 
nests were divided into those with (1) or without (0) laying gaps, 
we found no differences in clutch size, egg quality, or female body 
mass between groups (all P > 0.05). Lastly, a significant interaction 
between laying gaps and study year for both hatching and breed-
ing success was found (GLMM, hatching success: year, F = 11.46, 
df = 1 and 82, P = 0.001; eggshell spotting distribution, F = 8.78, df = 
1 and 82, P < 0.01; laying gaps, F = 3.57, df = 1 and 82, P = 0.06; 
year*laying gaps, F = 3.79, df = 1 and 82, P = 0.05; breeding success: 
year, F = 12.32, df  = 1 and 83, P < 0.001; eggshell spotting distribu-
tion, F = 7.88, df = 1 and 82, P <0.01; laying gaps, F = 3.60, df = 1 and 
82, P = 0.06; year*laying gaps, F = 4.45, df = 1 and 82, P = 0.04). Post 
hoc comparisons revealed that laying interruptions were associ-
ated with lower hatching success and lower breeding success only 
in the cooler breeding season (LSD test, hatching success: 2008, 
P = 0.02; 2009, P = 0.84; breeding success: 2008, P = 0.02; 2009, P = 
0.95). The proportion of hatchlings that resulted in fledged young 
(i.e., fledgling success) did not differ between nests with and with-
out laying interruptions (F = 2.42, df = 1 and 126, P = 0.12).
discussion
Determinants and fitness consequences of hatching delays.—We 
have identified some of the factors associated with hatching de-
lays, and the two phenomena linked to variation in the timing of 
hatching: interruptions in the laying sequence and delays in the 
timing of the start of incubation. The extent of synchrony with the 
caterpillar peak date was also an important predictor of the ex-
tent of hatching delays. Furthermore, delays were more frequent 
during the unfavorable spring of 2008 than in 2009. In contrast to 
previous studies (Monrós et al. 1998, Naef-Daenzer et al. 2004), we 
did not find a significant relationship between hatching delays and 
the mean temperature during the laying period.
We also found that hatching delays had both costs and bene-
fits for the reproductive variables that we monitored. Greater delays 
were associated with lower hatching success, as has been previ-
ously described for Great Tits (Naef-Daenzer et al. 2004, de Heij 
2006). The negative effect of delays on hatching success is likely 
to arise as a consequence of increased exposure time of unincu-
bated eggs to ambient temperatures (see Drent 1975 and references 
therein). Hence, the likelihood of unsuccessful hatching could in-
crease when the duration of this limiting period is prolonged as a 
consequence of variation in the laying interval (egg skipping) or de-
lays in the onset of incubation (Drent 1975). Our data suggest that 
laying gaps had a more detrimental influence on hatching success 
FiG. 5. Differences in (A) clutch size and (B) eggshell spotting distribu-
tion among nests of Blue Tits in which incubation began before clutch 
completion (“early”), nests in which females initiated incubation after 
the last egg was laid (“normal”), and nests in which females waited one 
or several day after clutch completion to start to incubate (“late”). Higher 
values of eggshell spotting distribution denote a wider distribution of pig-
ment spots over the shell surface. Lower values of speckling assessments 
corresponded to eggs with the spots concentrated around the blunt end, 
which results in lower hatching probability. Sample sizes (number of 
nests) are indicated above the bars. Means are given ± SE.
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than delays in the onset of incubation (discussed below). More-
over, chicks that hatched from delayed broods were heavier than 
those from broods that hatched when expected. Presumably, this 
effect arose because the postponement of hatching allowed birds to 
achieve better synchronization with the peak in caterpillar abun-
dance (which largely determines nestling mass; see above), as has 
been shown for Great Tits (Naef-Daenzer et al. 2004). The positive 
effect of delayed hatching on nestling mass could lead to a net gain 
in fitness, because many studies have shown that fledgling mass 
largely determines postfledging survival in this and related species 
(e.g., Naef-Daenzer et al. 2001, Greño et al. 2008). With regard to 
the effect of the delays on hatching success, we do not assume that 
hatching delays constitute a deliberate attempt to induce hatching 
asynchrony (and thereby reduce family size) because the reduction 
of family size took place in the egg phase and not during the nest-
ling period. In fact, we found dead chicks in only 9 of 129 nests. 
That is, because brood reduction in its strictest sense is hypothe-
sized to occur through sibling competition, we consider that in our 
population hatching asynchrony may actually be an epiphenom-
enon of hatching delays rather than a strategy per se. On the other 
hand, we rarely found runts. This suggests that in our study popu-
lation, eggs probably hatched within a 24-h period (a common pat-
tern in many passerines in which only the last egg may hatch a day 
later than the others; Clark and Wilson 1981), preventing signifi-
cant age differences (V. García-Navas pers. obs.). This fact, together 
with the low prevalence of ectoparasites found in our study area 
(V. García-Navas and J. J. Sanz unpubl. data), argues against the brood 
reduction hypothesis.
When to start to incubation? A strategic decision.—Onset of 
incubation was determined by both temperatures during laying 
and synchrony with the caterpillar peak. Moreover, females ex-
hibited phenotypic plasticity in their ability to adjust the onset of 
incubation to the prevailing conditions of the breeding season. 
In the 2008 breeding season, when cool temperatures and rainy 
periods were the rule, females advanced the onset of incubation, 
presumably because they were unable to lay earlier or they were 
unable to correctly predict the moment of maximum food avail-
ability because of the slow development of caterpillars as a result 
of bad weather. By contrast, the spring of 2009 was initially warm 
and breeding started early, but temperatures dropped around mid-
April and birds tended to delay the beginning of incubation (Fig. 3). 
Long-term studies of Great Tits have shown that birds compen-
sate for their degree of mismatch with respect to the timing of the 
food peak by reducing or increasing the time interval between the 
laying of the first egg and hatching. Such behavior has been pos-
tulated to result from strategic decisions rather than from phys-
iological limitations (Visser et al. 1998, Cresswell and McCleery 
2003). In addition, the observed variation in onset of incubation 
was also corroborated at the individual level (Fig. 4), indicating that 
individuals can modify the onset of incubation in relation to clutch 
completion across seasons, depending on proximate factors. Our 
results support the idea that incubation patterns may have evolved 
as a plastic response to environmental cues that predict subsequent 
food availability (Naef-Daenzer et al. 2004, Stenning 2008).
Among the breeding parameters that we examined, an early 
onset of incubation was associated with a shorter incubation pe-
riod even after we statistically accounted for laying date and 
clutch size. This agrees with a previous Blue Tit study (Nilsson and 
Svensson 1993a) that showed that the seasonal reduction in the 
time from clutch completion to midhatching depends on the start 
of incubation and not on incubation efficiency. A similar trend has 
also been reported in Black Kites (Milvus migrans; Viñuela 1997) 
and Wood Ducks (Aix sponsa; Hepp 2004). Concerning the ef-
fect of possible factors that might influence incubation period, we 
found no effect of nest properties on the onset of incubation. This 
is in contrast to the earlier study on Great Tits by de Heij (2006), in 
which the delay in the onset of incubation was negatively related 
to nest thickness. Nonetheless, such a study relies on correlations 
and, thus, de Heij’s (2006) finding may also be attributable to the 
influence of other variables, such as the quality of the nest builder 
(i.e., female condition; Tomás et al. 2006; Mainwaring and Hartley 
2008, 2009). Therefore, experimental work is necessary to test the 
causal pathways among these variables.
Alternatively, we found that early onset of incubation was sig-
nificantly associated with a large clutch size, which is consistent 
with findings in Spanish Pied Flycatchers (Ficedula hypoleuca; 
Potti 1998). Furthermore, females that started incubating earlier 
laid eggs with spots more widely distributed over the shell surface 
(i.e., eggs of better quality). This may indicate that an early on-
set of incubation requires a high energy demand that only high-
quality females can meet, as suggested by Nilsson and Svensson 
(1993a). The latter authors showed that females supplemented 
with extra food initiated incubation earlier than control females. 
Nevertheless, we found no evidence of a difference in female con-
dition at the end of the nestling period among nests with differ-
ent incubation patterns. This discrepancy between our findings 
and those of Nilsson and Svensson (1993a) is difficult to explain, 
but we note that feeding experiments are not able to distinguish 
whether the onset of incubation is energetically constrained or 
whether food supplies are used as a cue by birds to predict the en-
suing caterpillar peak (e.g., Gienapp and Visser 2006). Moreover, 
Nilsson and Svensson’s (1993a) work contradicts the prediction of 
the brood-reduction-hypothesis that when food is scarce, hatch-
ing asynchrony (and, thus, early onset of incubation as a means to 
achieve it) should be greater than when food is plentiful. The pres-
ent study also provides no evidence for this hypothesis, because 
we did not find a difference in the proportion of fledged young in 
relation to onset of incubation. Because we did not monitor hatch-
ing spread, we are unaware of whether those birds that started 
incubation sooner in relation to clutch completion experienced 
greater hatching asynchrony. That being the case, we would have 
expected to find differences in nestling survival among nests with 
different incubation schedules, but we did not. Nor were there dif-
ferences among groups in nestling mass, which contrasts with 
what the brood reduction hypothesis posits. Finally, we did not 
find a greater difference in body mass between the largest and 
the smallest chick in the broods in which the female began to in-
cubate before the clutch was completed; intrabrood variance in 
nestling mass did not differ significantly among nests with differ-
ent incubation schedules (see above). In light of the brood reduc-
tion hypothesis, we can make another prediction: if females start 
to incubate earlier in order to create size hierarchies to facilitate 
brood reduction, we would have expected to find a decrease in egg 
quality with the laying sequence (i.e., birds would invest less ef-
fort in pigment production of the last eggs) to further promote 
the loss of surplus progeny when necessary. This prediction was 
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not supported. Although eggs were not marked individually, we 
did not detect a decrease in eggshell quality through the laying 
sequence for those clutches in which incubation began before the 
last egg was laid (V. García-Navas pers. obs.); in fact, such clutches 
showed the higher mean values of speckling assessments.
Lastly, an alternative explanation is that earlier onset of in-
cubation in larger clutches serves as a time-saving mechanism 
that female Blue Tits could use if they saw caterpillars emerging 
before reaching a peak. Females that stop laying earlier and lay 
smaller clutches do not need to rush the breeding schedule. Mean-
while, the association found between the onset of incubation and 
egg quality could be explained by the fact that in our study area, 
the distribution of eggshell spotting is positively correlated with 
clutch size (Sanz and García-Navas 2009). Overall, the observed 
flexibility in the start of incubation in two very different seasons is 
consistent with Stenning’s (2008) suggestion that the onset of in-
cubation in this species is under the influence of proximate factors 
(e.g., phenology of caterpillars) that could act as cues to trigger the 
beginning of incubation independently of clutch completion.
Laying gaps and energetic constraints.—Temperature during 
laying was a strong predictor of the occurrence of laying gaps. Blue 
Tits were more likely to show an interruption of egg laying during 
episodes of bad weather, which was most likely a consequence of 
energetic constraints (Dhont et al. 1983, Graveland and Berends 
1997, Lessells et al. 2002). Experimental studies have shown that 
laying gaps become less frequent when supplemental food is pro-
vided (Nilsson and Svensson 1993b) or nest temperature increases 
(Yom-Tov and Wright 1993). Hence, missed days during egg lay-
ing were likely a nondeliberate phenomenon derived from the high 
costs of egg production during adverse environmental conditions 
rather than a strategic decision. In addition, we found that laying 
interruptions detrimentally influenced Blue Tits’ hatching suc-
cess, presumably because the viability of unincubated eggs de-
clined over time (Drent 1975). Because laying–incubation overlaps 
(shortening the incubation to gain time) were detected in some 
nests in which we detected laying gaps (leading to delays in the 
onset of incubation), it seems that these alterations of the breed-
ing schedule are a result of either fixed (physiological) or adaptive 
(proximate basis) processes. Thus, laying interruptions presum-
ably represent immediate costs that females sometimes incur for 
breeding too early.
Hatching delays: A facultative or obligate phenomenon?—We 
have shown that both energy constraints (laying gaps) and strategic 
decisions (onset of incubation) modulate the incidence and mag-
nitude of hatching delays in Mediterranean Blue Tits. Therefore, 
hatching delays are shaped by factors that act at both the proximate 
(immediate environment) and ultimate (natural selection) levels. 
On the other hand, our results do not constitute support for the 
view that hatching asynchrony (and, by extension, an early start 
to incubation) is an adaptive mechanism that evolved as a strat-
egy to maximize fitness through brood reduction under unpredict-
able food levels. Our data are in agreement with the conclusions 
of Hõrak (1995), who stated that brood reduction seems to be a 
nonadaptive and unavoidable byproduct of underlying proximate 
mechanisms that influence egg or chick formation (so-called “adap-
tive decision taking”). This might explain why natural selection has 
not eliminated this strategy when there are other mechanisms to 
achieve the same goal with a smaller investment of time and energy 
(Lobato et al. 2006). Our data suggest that phenotypic plasticity 
arising from behavioral flexibility by Blue Tits in response to proxi-
mate factors (underlying so-called reproductive decision making) 
can account for the observed annual differences in incubation pat-
terns. The potential benefits of being able to strategically modify 
incubation behavior to optimally time breeding could selectively 
favor a plastic response, as occurs with other life-history traits 
that influence fitness (i.e., microevolutionary processes; Cresswell 
and McCleery 2003). However, it is only possible for Blue Tits to 
take advantage of this potential mechanism to compensate for un-
predictability in the peak of caterpillar abundance if their start to 
breeding is not constrained, which is a topic of particular relevance 
given projections of future climate change.
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